Lamotrigine (LTG; 3,5-diamino-6-(2,3-dichlorophenyl)-1,2,4-triazine) is a new anticonvulsant drug which clinical studies have shown to be effective in treatment of partial and secondarily generalized seizures (Binnie et al. 1989; Matsuo et al. 1993; Miller et al. 1986 ). In early clinical trials for the treatment of epilepsy, LTG was found to improve mood and more recent reports indicate that it may be effective in management of bipolar disorder. This drug has a unique profile in patients with bipolar disorder with both antidepressant and anti-cycling properties (Berk 1999; Calabrese et al. 1998; Engle and Heck 2000) . Given the fact that this agent is widely prescribed in patients with bipolar disorder, understanding its mechanism of action through the identification of novel targets for the drug is clearly merited.
Pharmacological studies of LTG suggest that the drug blocks voltage-sensitive sodium channels and stabilizes neuronal membranes. For example, it has been reported that LTG reduced high frequency sustained firing of sodium-dependent action potentials in cultured mouse spinal cord neurons and voltage-sensitive sodium currents in cultured rat cerebral neurons (Che-ung et al. 1992; Lees and Leach 1993) . LTG has also been reported to inhibit the binding of [ 3 H] batrachotoxin A 20-␣ -benzoate to sodium channels (Leach et al. 1991) . Although recent evidence suggest that voltage sensitive sodium channels are an important site of action for LTG, the available evidence is far from explaining the mechanism of therapeutic effect of this drug on epilepsy and bipolar disorder. Therefore, identification of specific targets for LTG with novel techniques is important, particularly if products of these targets are found to be relevant to the pathophysiology of bipolar disorder.
Recent genome projects have generated a large amount of sequence data for thousands of genes (Broder and Venter 2000; Vukmirovic and Tilghman 2000) . Taking advantage of this, an important step to understanding the role of these genes in pathophysiological development of disease and drug action is to define gene expression profiles in diseased subjects or after drug manipulation. DNA expression array technology allows us to monitor the expression of hundreds of genes simultaneously and provides a format for identifying genes (Lockhart and Winzeler 2000; Rockett and Dix 2000) . We used this method to isolate differentially expressed genes in rat hippocampus after administering LTG for one week and found that LTG increased the expression of a number of genes including GABA-A receptor ␤ 3 subunit.
METHODS

Primary Hippocampus Cells Culture
Primary neuronal cell culture was performed as previously described (Brewer et al. 1993) . Briefly, SpragueDawley rats of 16-18 day gestation were used for the isolation of hippocampus cells. The hippocampi were removed and submersed in ice-cold Ca 2 ϩ -and Mg 2 ϩ -free Hank's balanced saline solution (Gibco, Maryland). After the meninges and blood vessels were removed, the hippocampi were washed twice with Hank's medium. Subsequently, the tissue was triturated by gently pipetting and filtered through a strainer (Becton-Dickinson Labware, New Jersey) to exclude any small tissue fragments. The filtrate containing dissociated cells was collected in a centrifuge tube and centrifuged at 300 ϫ g for 5 min. The supernatant was discarded, and the sediment was washed twice with Hank's medium and centrifuged again under the same conditions. The cell sediment was resuspended with neurobasal medium with B27 supplements (Gibco, Maryland), adjusted to approximately 10 6 cell/ml, plated into polylysine-coated plastic culture flasks and cultured at 37 Њ C under 5% CO 2 . The cells cultured for seven days before drug treatment. Lamotrigine was obtained as a gift from Glaxo Wellcome (Mississauga, Ont) and cells cultured at various concentrations as described in the results.
RNA Isolation and cDNA Array Hybridization
Total RNA from hippocampus cells was isolated using Trizol reagent (Gibco, Maryland) following the manufacturer's instruction. The concentration of RNA was determined by measuring the OD at 260 nm and the purity determined by the 260/280 ratio. Three g of total RNA was subjected to electrophoresis on a denaturing 1% agarose gel to check the integrity of the RNA (18S and 28S rRNA bands). After confirmation of the integrity of total RNA, mRNA was isolated using the Oligotex mRNA mini kit (Qiagen, California) according to the manufacturer's protocol.
Gene expression was analyzed using Atlas Rat 1.2 Arrays (Clontech, California) including approximately 1200 genes. Control and LTG-treated cDNA probes were generated by RNA reverse transcription under moloney murine leukemia virus (MMLV) reverse transcriptase with specific cDNA synthesis primer mix, and labeled with [ ␣ -32 P]dATP. 32 P-labeled cDNA was purified from unincorporated 32 P-labeled nucleotides and small cDNA fragments in a Chroma Spin-200 column. Four cDNA array membranes (duplicate: two for control; two for LTG treated samples) were pre-hybridized at 68 Њ C for 30 min in ExpressHyb solution with salmon sperm DNA (100 g/ ml) and hybridized at 68 Њ C overnight in the same solution with equal amounts of cDNA probes of control and LTGtreated cell respectively. Membranes were washed at 68 Њ C for 30 min in 2 ϫ SSC, 1% SDS twice and at 68 Њ C for 30 min in 0.1 ϫ SSC, 0.5% SDS twice. Membranes were exposed overnight to a Phosphor Screen and scanned using a PhosphorImage (Molecular Dynamics, Inc., California).
Northern Blotting Hybridization
Total RNA from primary cultured hippocampus cells was applied to nylon membranes by capillary transfer after electrophoresis in 1% agarose/formaldehyde gel, and ultraviolet-cross-linked. Membranes were then pre-hybridized at 42 Њ C for 3 h in 5 ϫ SSPE, 50% formamide, 5 ϫ Denhardt's, 1.0% SDS, 5% dextran sulfate, salmon sperm DNA (100 g/ml) and hybridized at 42 Њ C overnight in this buffer with GABA-A receptor ␤ 3 subunit cDNA probes generated by RT-PCR. cDNA probes were labeled with [ ␣ -32 P]dCTP by using a random prime labeling method (Feinberg and Vogelstein 1983 ). Membranes were then washed at room temperature for 45 min in 2 ϫ SSPE, 0.1% SDS twice and at 58 Њ C for 15 min in 0.1 ϫ SSPE, 0.1% SDS twice. Membranes were exposed overnight to a Phosphor Screen and scanned using a PhosphorImage (Molecular Dynamics, Inc., California).
In Situ Hybridization
Male Sprague-Dawley rats (180-200 g) were divided into two groups: control ( n ϭ 5) and LTG treated group ( n ϭ 5). Each group of rats was injected intraperitoneally with vehicle and LTG (30 mg/kg) respectively daily for two weeks. After drug treatment, rats were anesthetized with sodium pentobarbital (60 mg/kg) and perfused transcardially with 250 ml of 100 mM phosphate buffer (pH 7.5) at room temperature. Brains were removed, rapidly frozen in Ϫ 80 Њ C and serial 10 m coronal sections (from Bregma Ϫ 2.30 mm to Bregma Ϫ 4.80 mm) prepared at Ϫ 18 Њ C. The sections were thaw-mounted on poly-L-lysine coated glass slides.
Slices were washed twice in each of the following conditions: in PBS for 5 min, in PBS containing 100 mM glycine for 5 min, in PBS containing 0.3% Triton X-100 for 15 min, and in PBS for 5 min. Then slices were incubated in TE buffer (pH 8.0) containing 1 g/ml RNasefree Proteinase K (Sigma, Canada) for 30 min at 37 Њ C and fixed in 4% paraformaldehyde. The slices were further incubated in 0.1M triethanolamine buffer (pH 8.0) with 0.25% (v/v) acetic anhydride for 15 min and prehybridized in 47% formamide, 2 ϫ SSC, 1 ϫ Denhardt, 500 g/ml salmon sperm DNA, 50 mM DTT, 250 g/ml yeast t-RNA, 5 g/ml poly(dA), 100 g/ml poly(A), for 2 h at 37 Њ C, and hybridized at 37 Њ C overnight using oligo probes labeled with DIG (Roche, Canada). The slices were then washed at 37 Њ C in 2 ϫ SSC, 0.05% SDS for 15 min, in 2 ϫ SSC twice for 15 min, 1 ϫ SSC twice for 15 min and 0.25 ϫ SSC twice for 15 min. Immunological detection was performed with DIG Nucleic Acid Detection Kit (Roche, Canada) according to the manufacturer's protocol.
Analysis and Interpretation of Data
Differential expression in cDNA arrays after LTG treatment was identified using AtlasImage Software from Clontech (California). Data from Northern blotting analysis were obtained by densitometric analysis of autoradiograms using ImageQuant from Molecular Dynamics (California). Results were expressed as percent of control. Changes in gene expression after drug treatment were expressed as the mean Ϯ SEM from three separate experiments. Statistical significance of differences between means was determined by Student's ttests or one way ANOVA.
RESULTS
Primary cultured hippocampal cells were chronically treated with vehicle (control) or 0.1 mM LTG for one week. DNA array hybridization was used to identify differentially expressed genes between control and LTG treated cells using Atlas cDNA Express Array membranes containing approximately 1200 genes, including transcription factors, ion channels, transport proteins, and receptors, among others. cDNA probes generated from control or LTG treated cells were used to hybridize with two identical cDNA array membranes respectively. By comparing hybridized blots for control versus LTG treated cells, we identified a number of LTG regulated genes. The hybridization results are summarized in Table 1 . Only genes with expression levels that were altered by at least 1.25-fold between control and LTG treated cells are included. We found chronic treatment with LTG for one week increased expression of eight genes and decreased expression of six genes. Four representative differentially expressed genes (GABA-A receptor ␤ 3 subunit, somatostatin, protein tau, and neural visinin-like Ca 2 ϩ -binding protein) are marked in Figure 1 . Because GABA-A receptor ␤ 3 subunit gene expression showed the greatest increase by LTG among these fourteen differentially expressed genes, and because GABA-A receptor is a common target of a number of anticonvulsants, GABA-A receptor was chosen for further studies of the effect of LTG. First, partial cDNA sequence of GABA-A receptor ␤ 3 subunit was used as a probe to hybridize with Northern blots containing total RNA from control and LTG treated cells to confirm their differential expression. These partial cDNA sequence probes were generated by RT-PCR and radioactively labeled. The expression of GABA-A receptor ␤ 3 subunit mRNA was increased by 84 Ϯ 36% ( p Ͻ .05, n ϭ 6) after chronic treatment with 0.1 mM LTG for one week (Figure 2) . Second, we studied the dose response effect of LTG on GABA-A receptor ␤3 subunit expression. Chronic treatment with LTG increased mRNA level of GABA-A receptor ␤3 subunit in a dose-dependent manner. LTG at concentration of 0.03, 0.1 and 0.3 mM increased mRNA expression of GABA-A receptor ␤ subunit by 66 Ϯ 31% (p Ͼ .05, n ϭ 3), 99 Ϯ 28% (p Ͻ .05, n ϭ 3) and 155 Ϯ 56% (p Ͻ .01, n ϭ 3) (Figure 3 ). Third, we studied the brain regional expression of GABA-A receptor ␤3 subunit after chronic treatment with LTG. In situ hybridization analysis showed that chronic treatment with LTG increased GABA-A receptor ␤3 subunit gene expression to the greatest degree in CA1 and dentate gyrus regions of hippocampus, moderately in frontal cortex, parietal cortex and CA3, and not at all in thalamus (Figure 4) .
DISCUSSION
In the present study, we profiled differentially expressed genes in rat primary hippocampus cells after chronic treatment with LTG using cDNA array technology. From our results, it is clear that chronic treatment with LTG for one week regulates expression of a number of genes, most of which have not been previously documented in pharmalogical action of either anticonvulsants or mood stabilizers. Further characterization of these genes regulated by LTG may help us to gain new insights into the action of this drug. Among these genes, it is of interest to note that expression of inhibitory neurotransmitter GABA-A receptor ␤3 subunit is regulated by chronic treatment with LTG, since regulation of GABA is shared by various anticonvulsants. For example, it has been found that the benzodiazepines diazepam and flunitrazepam increased the opening frequency and conductance of GABA-A receptor channels in primary cultured rat cortical and hippocampal neurons (Eghbali et al. 1997; Vicini et al. 1987 ). Barbiturates have also been shown to increase the GABA receptor channel mean open time in mouse spinal neurons Twyman et al. 1989) . Using Northern blotting analysis and in situ hybridization, we further verified that LTG increases the expression of GABA-A receptor ␤3 subunit in rat hippocampus. Our findings suggest that regulation of GABA-A receptor may also be a target of LTG. In the central nervous system, GABA binds specific sites of GABA-A receptors and then opens the intrinsic chloride channel, which leads to chloride influx. Activation of GABA-A receptors causes a hyperpolarization of cell membrane and inhibits the electrical activity of neurons (Bormann 2000; Chebib and Johnston 1999; Olsen et al. 1999) . GABA-A receptors have been reported to be an important site of action of anticonvulsants (Pesold et al. 1997; Teuber et al. 1999; Tietz et al. 1999 ). The ␤3 subunit of GABA-A receptor is highly ex- pressed in the brain, and it is a component of a high proportion of GABA-A receptors. ␤3 subunit of GABA receptor complex is a component of critical importance for GABA binding (Li and De Blas 1997; Miralles et al. 1999 ). Site-directed mutagenesis studies have identified domains of the ␤3 subunit which are important for activation by GABA (Amin and Weiss 1993) . ␤3 subunit mutant mice show epilepsy and neurological disorder (DeLorey et al. 1998; Homanics et al. 1997 ). An increase of ␤3 subunit expression by LTG in hippocampus suggests that LTG, like other anticonvulsants may also produce inhibitory effect in the brain by regulating GABA-A receptor. Previous electrophysiological and neurochemical studies suggest that LTG may have a direct interaction with voltage-activated sodium channel and may act by inhibiting voltage sensitive sodium channels, limiting neuronal excitability, stabilizing neuronal membrane and blocking excitatory amino acid release (Cheung et al. 1992; Leach et al. 1986 and 1991; Lees and Leach 1993) . For example LTG was found to reduce sustained repetitive firing of sodium-dependent action potentials in mouse spinal cord cultured neurons and [ 3 H]batrachotoxin A 20-␣-benzoate binding to the voltage-sensitive sodium channel in rat brain synaptosomes (Cheung et al. 1992; Leach et al. 1991) . LTG also selectively blocked sodium channel activator veratrine induced release of endogenous glutamate from slices of rat cerebral cortex, suggesting that the reduction in glutamate release may be due to blockade of sodium channel (Leach et al. 1986 ). In the present study, we found that LTG upregulated GABA-A receptors. Our results suggest that LTG may augment GABAergic inhibition. It is known that activation of GABA-A results in opening of Cl -channel and increases the influx of Cl -. An increase in Cl -conductance can reduce depolarization, decrease the Ca 2ϩ influx during action potential and further inhibit excitatory amino acid release (Whiting et al. 1999 ). Indeed, it was reported that LTG at therapeutic doses inhibited voltage activated Ca 2ϩ currents in rat cortical neuron (Stefani et al. 1996) . Together these findings suggest that the inhibitory effect of LTG on release of excitatory amino acid glutamate may be produced by either inhibition of sodium channels or possibly increased expression of inhibitory amino acid GABA and related functional activity. This finding also implies that the mechanism of action of LTG in epilepsy and bipolar disorder may involve a decrease in intrinsic neuronal excitability through direct blockade of sodium channels and augmention of GABAergic inhibition. In this regard, another laboratory found that the anticonvulsant, 3-Benzyl-3-ethyl-2-piperidinone (3-BEP), also regulated the GABA-A receptor and sodium channel (Hill et al. 1998) . Indeed 3-BEP not only modulates GABA-A receptor in a manner similar to the benzodiazepines, but also inhibits voltage-dependent sodium current. Further studies should examine the functional regulation of GABA-A receptor by LTG to further understand the potential significance of this finding in the pharmacological mechanism of LTG. Studies with other mood stabilizing anticonvulsants, which are the mainstay of treatment for this illness, will help to clarify whether this target is shared by other drugs in this class.
